We discuss the theoretical and experimental investigation of acousto-optic dispersive tunable filters, based on quasi-collinear geometry of light-sound interaction in a tellurium dioxide single crystal. The geometry uses the effect of strong acoustic anisotropy in the paratellurite as well as peculiarities of acoustic wave reflections at the free boundary of the crystal. A mathematical concept for determination of optical, electrical, and constructional parameters of the filters is developed. Different experimental acousto-optic filters intended for femtosecond pulse shaping are designed and tested. Preliminary experiments are performed in a subpetawatt optical parametric chirped pulse amplification laser system. The experimental data conform completely with the predicted data.
Introduction
The advancement of femtosecond lasers would provide a wide range of new applications in physics, chemistry, medicine, industry, and defense. In most applications the quality of compressed pulses (pulse duration, lack of prepulses, and high contrast ratio) is critical. Two femtosecond laser architectures are now in use: one is based on chirped pulse amplification (CPA) [1] and the other on optical parametric chirped pulse amplification (OPCPA) [2] . In both architectures the pulse quality is determined by a noncompensated high-order dispersion and spectral deformation of the amplifiers. An adaptive dispersive device that modifies the spectral amplitude and phase of the seed femtosecond pulse should be used to improve the duration of the compressed pulse and suppress the prepulses. In OPCPA lasers these devices can also increase the pulse amplification efficiency owing to the suppression of parametric reverse conversion into a pump wave.
Electronically tunable acousto-optic filters are almost ideal adaptive devices for independent and simultaneous control of both amplitude and phase of spectral components of laser pulses. An acoustooptic tunable filter operates on the principle of light diffraction by ultrasound waves in a birefringent crystal [3] [4] [5] [6] . The interaction of light with sound provides a direct adaptive light-into-light spectral conversion determined by the transmission function of the filter. For collinear and noncollinear interaction the study of transmission function shaping by means of spatially modulated sound waves was performed by Magdich et al. [7, 8] . The filter transmission function in the case of collinear light interaction with the frequency modulated sound grating is described by a Fresnel integral and coincides with the classic light intensity distribution in the Fresnel zone [7] .
The initial attempts to investigate the wideband laser pulse compression through noncollinear Brillouin scattering within Bragg limits were made by McMahon in 1967 [9] . Collinear and quasicollinear acousto-optic interactions in crystals seem to be most suitable for pulse control. The spatial distribution of sound amplitude and frequency along the crystal determines the spectral transmission function and the shape of the spatial dispersion. Collinear acousto-optic interaction utilizes both the collinear phase and the group velocities of light and sound. The collinear diffraction was demonstrated in crystal quartz and calcium molybdate single crystals by Harris et al. [10, 11] . A quasi-collinear interaction takes place when the phase velocity of incoming light is collinear to the group velocity of sound. The acousto-optic tunable filter based on quasi-collinear interaction in crystal quartz was first proposed by Kusters et al. [12, 13] and proved to be promising for dye lasers [14, 15] .
An up-to-date collinear acousto-optic dispersive filter for compression of ultrashort light pulses was first proposed in 1986 by Pustovoit and Pozhar [16] [17] [18] . According to their concept the anisotropic acousto-optic interaction converts the fast input spectral component into a slow diffracted component. The amplitude and phase of each spectral component is determined by the sound of spectral amplitudes and frequencies. The control of sound waves provides light pulse shaping both in the spectral phase delay and the amplitude; a concept that proved to be practical. Ten years later Tournois et al. [19] [20] [21] proposed the identical technical solution for femtosecond pulse shaping, namely, a collinear acousto-optic Bragg cell, termed an acousto-optic programmable dispersive filter (AOPDF). Now this system, the Dazzler manufactured by Fastlite, Paris, France, is widely used in femtosecond laser equipment.
Early in the 1990s Chang [22, 23] , Voloshinov [24] , and Qin et al. [25] , independent of one another, investigated the quasi-collinear acousto-optic interaction in tellurium dioxide (paratellurite) single crystals with regard to the substantial acoustic anisotropy of the material and to the peculiarities of anisotropic acoustic reflections from crystal facets. The paratellurite single crystal is the most promising material for dispersive filters. It possesses a unique combination of physical properties and constants and specifically a high figure of acousto-optic merit M 2 . The paratellurite belongs to the 422 crystal class and is characterized by high acoustic, optical, and photoelastic anisotropies [6] . In paratellurite the walk-off angle between the acoustic wave vectors and the Poynting vectors can exceed tens of degrees. This special feature causes peculiar reflections of the acoustic energy incident on the free boundary of the crystal [26] . In recent years the quasi-collinear light-sound interaction in paratellurite became the subject matter of various articles [27] [28] [29] [30] . However, a number of problems relating to an optimal quasicollinear filter design, such as optimal alignment of a laser beam and an acoustic column, remained unclarified until now.
Our purpose here is to determine a simple mathematical method for the design of a quasi-collinear dispersive filter and analyze its optical and electrical characteristics. In general, this method applies to any type of crystal symmetry. Several acousto-optic dispersive filters were designed and fabricated according to that concept. An experimental study of one of these filters was performed in a subpetawatt OPCPA unique laser system based on OPCPA in KD*P crystals [31] .
Theoretical Consideration
An analysis was carried out for plane (1-10) of paratellurite crystal. The well-known formalism of wave-vector diagrams for a uniaxial crystal was used [3] [4] [5] [6] . This formalism defines the relationship between the frequency of Bragg synchronism and the angles of propagation of light and sound relative to crystallographic axes with the understanding that waves are considered to be plane. The efficiency of interaction of light with sound is determined by the effective photoelastic constant. From the definition of quasi-collinear acousto-optic interaction it follows that wave vector k i of incident light that propagates at angle φ should be collinear to acoustic group velocity V g1 defined in the same coordinate system (Fig. 1) . We further assume that the acoustic wave reflects from the input facet of crystal. Here, k d and K are wave vectors of diffracted light and sound, n o and n e are ordinary and extraordinary indices of refraction, and ψ 1 is the walk-off angle between phase and group velocities of sound. We introduce the main parameter of filter α 1 as an angle between phase velocity V p1 of the acoustic wave reflected from the input facet of the crystal and the axis of the ½110 crystal. We also define α 2 as an angle between phase velocity V p2 of the acoustic wave generated by a piezotransducer and the ½110 axis, ψ 2 as a walk- off angle between phase V p2 and group V g1 velocities of the acoustic wave.
We assume that the input facet of the crystal is orthogonal to the wave vector of the light (Fig. 1) . Now we consider the pure shear acoustic mode that propagates in paratellurite in plane (1-10) with the polarization vector orthogonal to that plane and corresponding to a high figure of merit M 2 . The solution for phase velocity V p1 resulting from the Christoffel equation [32] is given by [28] 
where ρ is the crystal density and c 11 , c 12 and c 44 are elastic constants. Walk-off angle ψ 1 between the acoustic phase and the group velocities is found from [28] 
The quasi-collinear interaction takes place within the sound column reflected from the input optical facet of the filter. The orientation of the input optical facet is defined by angle π=2 − ðα 1 þ ψ 1 Þ between the facet plane and the ½110 axis of the crystal (Fig. 1) . Figure 2 shows how to determine the facet orientation of the transducer. It should be noted that acoustic wave vectors of incident and reflected sound columns have to satisfy the requirement of equal projection in the crystal [32] . That requirement can be written in the following form:
where V p1 and V p2 are phase velocities of incident and reflected acoustic waves; Eq. (3) does not have an analytical solution. The orientation of the transducer facet or acoustic facet is defined by angle π=2 − α 2 between the facet plane and the ½110 axis of the crystal (Fig. 2) .
Quasi-Collinear Filter Design
As was mentioned above, the main parameter that defines the optical and acoustic configuration of a quasi-collinear filter relative to the crystalline axes is angle α 1 . The orientation calculations of optical and acoustic facets versus angle α 1 reveal the following features. When α 1 increases from 0°to 1:775°, the angle between optical and acoustic facets increases to 90°. If 1:775°< α 1 < 13:31°, the angle between these two facets exceeds 90°and its maximum value is slightly greater than 120°. [33] . To select the optimum value of angle α 1 system requirements should be taken into account. The normalized dependences of acousto-optic figure of merit M 2 (dashed curve), as well as spectral resolution R ¼ λ=Δλ (solid curve) obtained earlier by Sapriel et al. [28] from the α 1 value are presented in Fig. 3 . Here λ is the optical wavelength and Δλ is the spectral bandwidth of the filter. The normalized maximum optical delay τ [16] is shown by the dotted curve. Figure 3 demonstrates clearly that it is impossible to create a quasi-collinear dispersive filter with a combination of high resolution, low driving RF power, and a large optical delay.
The angular dispersion in adaptive dispersive devices is one of the most significant physical factors leading to an angular chirp of a femtosecond laser beam. This type of dispersion originates from the angular spectral dependence of Bragg synchronism and defines the chromatic aberrations of dispersive devices. The reduction of chromatic aberration can be done by adding a compensating prism with inverse dispersion to the output facet of the crystal. The compensation level can be substantially high. A representative angular chirp of the laser beam in a spectral bandwidth of 180 nm on a wavelength of 1250 nm does not exceed several angular seconds.
In practice it is convenient to employ acousto-optic devices when the diffracted beam propagates collinear to the input beam [34] , in which case the angular compensation would not be so high. Angular chirp value γ inside the crystal versus laser wavelength λ is presented in Fig. 4 . It is evident from Fig. 4 that the angular beam spread will nevertheless be essentially less than a typical diffractive divergence of a laser beam. The calculated tilt angle value between input and output faces of the device is approximately 2.7°.
Experimental Results
Different types of quasi-collinear dispersive filter were designed using the mathematical approach described above. Calculation of walk-off angle ψ 2 between the group and the phase velocities of an acoustic wave, generated by a transducer, allows one to define the transducer geometry and its placement on the acoustic facet. All the devices were fabricated by use of our own method of interdiffusion in indium-gold nanostructures in vacuum [4] . The complex electrical impedance of the piezoelectric transducer was matched to the standard 50 Ω output of a driver in accordance with the phenomenological wideband approach developed by Molchanov and Makarov [35] . The spectral transmission function of one of the manufactured dispersive filters measured in a single RF mode with an 86142 optical spectrum analyzer from Agilent Technologies and a 1550 nm calibrator is presented in Fig 5. The crystal length is 53 mm, the optical aperture is 4 × ×mm × ×4 mm, and the α 1 value is equal to 3:8°. Other specifications are as follows: the central laser wavelength is 1250 nm, the spectral bandwidth is 800 nm, and the maximum optical delay is 15 ps.
The transmission function bandwidth at the 3 dB level is approximately 0:6 nm at 1550 nm. The frequency of Bragg synchronism at 1550 nm is 42 MHz. All the experiments were performed by use of a 2:0 mm diameter collimating laser beam. The input polarization was orthogonal to the diffraction plane.
The diffraction efficiency measurements in a single RF mode were performed using the Agilent Technologies 81654A laser source that operates at the telecommunication band of 1310 nm. The laser generates typical spectra of numerous longitudinal modes separated by an equidistant interval of 0:5 nm. The receiving collimator was placed at the nondiffracted laser beam. Figure 6 corresponds to the maximum diffraction efficiency after the dispersive filter was fine tuned to the longitudinal mode. When the maximum level of diffraction efficiency at a wavelength of 1310 nm is achieved, the driving RF power does not exceed 30 mW. Owing to our own bonding technology the driving power in a single RF mode was extremely low, which allowed us to control the whole femtosecond pulse spectrum to 200 nm in a multifrequency mode with efficiency exceeding 70% and without temperature gradients. The general view of one of the experimental quasi-collinear filters is presented in Fig. 7 . This experimental cell uses a very long paratellurite crystal (approximately 90 mm) and is a prototype for our line of future advanced products with an expected optical delay of up to 30 ps.
Application of the Adaptive Dispersive Filter
The study of an acousto-optic dispersive filter (AODF) operating in a periodic multifrequency mode has been carried out on the front end of a subpetawatt OPCPA laser system created by the Institute of Applied Physics of the Russian Academy of Sciences [31] . The block diagram of the experimental system is shown in Fig. 8 . The front end of the system was founded on one double-pass optical parametric amplifier (OPA). It operated at a repetition rate of 1 Hz. The femtosecond master oscillator was a Cr:forsterite laser that generates 40 fs pulses of 2 nJ at a central wavelength of 1250 nm. An AODF cell previously tested in a single frequency mode (Figs. 5 and 6) was placed between a femtosecond oscillator and a stretcher. The nondiffracted beam was directed toward a fast photodiode for diagnostics. The diffracted beam was directed toward the stretcher without any deviation from the initial direction. The stretcher had a transmission band of 1000 cm −1 (1250 AE 60 nm). It expanded the pulse duration to 600 ps. The OPA was pumped by a single-mode single-frequency Nd:YLF laser on the second harmonic at a wavelength of 527 nm, up to 1 J in a 1:2 ns pulse [36] . The nonlinear KD*P element in the OPA was 95 mm in length with a deuteration level of 88.7%. During the first pass the OPA performed the broadband conversion of chirped pulses at 1250 nm into pulses of signal radiation at 910 nm. During the second pass the 910 nm radiation was amplified. The spectrum of signal radiation after the OPA was measured with a custom-made spectrograph.
A two-stage synchronization scheme [37] provided the simultaneous (within ∼50 ps) passage of the pump pulses and the single radiation pulses through nonlinear OPA crystals. In this case the laser system had an optical jitter of AE12 μs relative to the trigger pulse of the starting AODF. Figure 9 shows the position of the pumping pulse within the graphic valley in the curve of nondiffracted femtosecond pulses. The adaptive filter was tuned to transform the whole spectrum of femtosecond pulses (the sound amplitude was constant and the sound frequency changed linearly). The time range of the valley was approximately 60 μs, which was enough to hold all the pulses injected into the OPA. The valley depth corresponds to the AODF efficiency of 70%. Measurements were performed on an Infinium 54855 A oscilloscope from Agilent Technologies with the use of fast photodiodes SIR5 and SV2 manufactured by Thorlabs.
In the OPA one of the pulses diffracted by the AODF was transformed into signal radiation on the wavelength determined by relation
To avoid the saturation of parametric amplification that could noticeably distort the spectrum pattern of the signal, the pumping pulse energy was not used above 0:4 J. The spectrum bandwidth of the signal was approximately 12 nm FWHM; see Fig. 10(a) . This value is less than the bandwidth of injected pulses because of the temporal nonuniformity of the pumping pulse (wings of the signal spectrum amplified when pumped with less intensity). The spectrum of the signal when the AODF was tuned to transform the whole spectrum of femtosecond pulses is presented in Fig. 10(b) and is equal to the spectrum of the signal without an AODF. Shaping the sound amplitude distribution that provides a Gaussian valley in transforming function
, produced corresponding modifications in the signal spectrum; see Fig. 10(c) . Proper selection of the valley depth and width values allows one to double the signal spectrum bandwidth; see Fig. 10(d) . The designed AODF system has revealed high efficiency, flexibility of seed pulse control, and simplicity of operation exceeding essentially the efficiency and flexibility of the Dazzler. One more important practical advantage of the designed AODF is collinearity of the diffracted beam to the incident beam. The dispersive device application offers the prospect of optimization of the whole OPCPA laser system by increasing the efficiency of parametric amplification, expanding the spectrum bandwidth, and improving the parameters of the compressed pulse.
Conclusion
Adaptive acousto-optic dispersive filters that operate in femtosecond laser systems are the only class among all other types of acousto-optic device because they provide parallel but inconsistent optical spectral processing. Certain features that are usually considered unessential become detrimental when high performance is demanded of a femtosecond device. Large temporal aperture dispersive filters are affected by acoustic Fresnel field variations. Our goal is to eliminate this adverse effect by studying Fresnel anisotropic field variations with the use of the modified Fresnel 4.1 program created by Epatko and Serov [38] . We have developed a simple and effective mathematical algorithm for designing quasi-collinear acousto-optic dispersive filters intended for femtosecond pulse shaping. This algorithm is valid for crystals with different types of symmetry. We designed and fabricated a number of experimental filters in accordance with this algorithm. One of these devices was tested in the 0:5 PW OPCPA laser facility and revealed expected features to control pulse spectra. The main advantages of the device include high efficiency of 70% to within 120 nm of the spectral width and parallel propagation of incident and diffracted beams. The possibility to double the pulse spectrum was demonstrated at a smaller efficiency. In the future the device will be used in the subpetawatt OPCPA laser system to suppress parasitic parametric reverse conversion into a pump wave as well as to reduce prepulses of the laser system.
